Bovine tuberculosis (Tb) caused by Mycobacterium bovis has proved refractory to eradication from domestic livestock in countries with wildlife disease reservoirs. Vaccination of wild hosts offers a way of controlling Tb in livestock without wildlife culling. This study was conducted in a Tb-endemic region of New Zealand, where the introduced Australian brushtail possum (Trichosurus vulpecula) is the main wildlife reservoir of Tb. Possums were trapped and vaccinated using a prototype oraldelivery system to deliver the Tb vaccine bacille Calmette -Guerin. Vaccinated and control possums were matched according to age, sex and location, re-trapped bimonthly and assessed for Tb status by palpation and lesion aspiration; the site was depopulated after 2 years and post-mortem examinations were conducted to further identify clinical Tb cases and subclinical infection. Significantly fewer culture-confirmed Tb cases were recorded in vaccinated possums (1/51) compared with control animals (12/71); the transition probability from susceptible to infected was significantly reduced in both males and females by vaccination. Vaccine efficacy was estimated at 95 per cent (87-100%) for females and 96 per cent (82-99%) for males. Hence, this trial demonstrates that orally delivered live bacterial vaccines can significantly protect wildlife against natural disease exposure, indicating that wildlife vaccination, along with existing control methods, could be used to eradicate Tb from domestic animals.
INTRODUCTION
Mycobacterium bovis causes tuberculosis (Tb) in a wide variety of mammalian domestic and wildlife species, particularly among the Bovidae and Cervidae (Morris et al. 1994; Phillips et al. 2003; Wirth et al. 2008) . Tb has a worldwide distribution and represents one of the most globally significant veterinary health problems (O'Reilly & Daborn 1995) ; it is also a significant zoonosis typically spread to humans by the inhalation of aerosols or the ingestion of unpasteurized cows' milk (Grange & Yates 1994; Etter et al. 2006) . Human cases are still common in less-developed countries (Cosivi et al. 1998) , and severe economic losses can occur from livestock deaths, chronic disease and trade restrictions (Etter et al. 2006) . In some situations, this disease may also be a serious threat to endangered species such as lions, cheetahs and rhinoceros (Cleaveland et al. 2005; Renwick et al. 2007) . In many developed countries, livestock-focused Tb-control programmes have reduced or eliminated Tb in cattle (Reviriego Gordejo & Vermeersch 2006; Ryan et al. 2006) , and cases of human disease are rare (Sargeant 2008) . However, where Tb also persists independently in wildlife reservoirs, complete eradication is much more difficult (Olmstead & Rhode 2002; Ryan et al. 2006; McDonald et al. 2008) .
Wildlife reservoirs considered to constitute a major impediment to Tb control or eradication campaigns include the Eurasian badger in the UK and Ireland (Cheeseman et al. 1989; Delahay et al. 2002; Griffin et al. 2005) , whitetailed deer in the USA (Schmitt et al. 1997) , wild boar and red deer in Spain (Vicente et al. 2007 ) and the introduced Australian brushtail possum (Trichosurus vulpecula) in New Zealand (Montague 2000) . Lethal control (culling) of wildlife reservoirs to reduce Tb incidence in cattle stocks has had mixed results to date. The utility of the approach has been demonstrated in New Zealand, where localized possum population control has been shown to cause subsequent reductions in the Tb reactor rate among adjacent cattle stocks (Caley et al. 1999) . However, in the UK and Ireland, the impact of experimental badger culling on concurrent disease in domestic stock is more complex, with culling both increasing and decreasing cattle Tb reactor rates, depending on the circumstances (Griffin et al. 2005; Donnelly et al. 2006; Carter et al. 2007; McDonald et al. 2008; Woodroffe et al. 2009 ).
Furthermore, social concerns in many countries limit the use of wildlife culling as a Tb control tool; the often heavy reliance on the use of poisons is controversial, and the wildlife in question may be valued for conservation or hunting purposes (Ryan et al. 2006; McDonald et al. 2008) . This has driven a strong interest in non-lethal alternatives such as vaccination (Cross et al. 2007) .
Both research theory and actual practice indicate that prophylactic vaccination can control or even eliminate some diseases in wildlife (Anderson & May 1992; Heesterbeek & Roberts 1995; Haydon et al. 2006) . For example, sylvatic rabies has been successfully eradicated from foxes in several Western European countries by large-scale oral vaccination programmes (Rupprecht et al. 2004) , and recent reports have indicated that it is feasible to interrupt borreliosis transmission in the wild by vaccinating wild white-footed mice (Peromyscus leucopus) against the Lyme disease spirochete (Borrelia burgdorferi; Tsao et al. 2004 ). Here we explore the potential use of vaccination for controlling Tb in wildlife reservoirs, through an experimental study of free-living possums in New Zealand. Possums are nocturnal 2-3 kg arboreal marsupials that occur in most parts of New Zealand, ranging in density from approximately 0.5 ha 21 in beech forests to approximately 10-12 ha 21 in podocarp-broadleaf forests (Cowan 2005) . They are the principal wildlife reservoir of M. bovis infection in New Zealand (Morris & Pfeiffer 1995) , with Tb believed to be established in possum populations over about 10 million ha (approx. 39% of New Zealand's area; Ryan et al. 2006 ).
In the current study, we investigated whether orally delivered bacille Calmette -Guerin (BCG), the Tb vaccine used in humans and derived from the attenuation of an M. bovis isolate (Behr 2002) , can be used to protect possums from Tb. Although intranasal and intraconjunctival BCG vaccination has been shown to achieve some protection against Tb in wild possums (Corner et al. 2002a) , oral baiting is generally considered the only feasible means of vaccine delivery for large-scale disease management in wildlife populations (World Health Organization 2004; Vial et al. 2006; Cross et al. 2007 ). Since BCG is a live-attenuated bacterium, it needs to be protected from degradation in the stomach of an animal if it is to be deployed as an oral vaccine. An edible lipid matrix has been developed that allows BCG bacilli to be maintained in a viable but static state that is suitable as an oral delivery vehicle for the vaccine (Aldwell et al. 2005) . Studies in a range of animal species have shown that oral vaccination with this lipid-formulated BCG can induce a level of protection against experimental challenge with Tb that is comparable with that induced by injecting the vaccine (Aldwell et al. 2003a,b; Buddle et al. 2006; Nol et al. 2008) . However, vaccination has generally not prevented animals from becoming infected as a result of experimental challenge; rather, it has slowed the progression of the disease relative to that in unvaccinated animals, as shown by a reduction in the severity of disease and bacterial counts in lungs and spleen (Aldwell et al. 1995 (Aldwell et al. , 2003a Buddle et al. 2006) .
As an ideal vaccine should either prevent the establishment of infection or reduce the incidence of clinical disease (Cross et al. 2007 ), here we address the key question of whether oral BCG vaccination can actually reduce Tb infection rates in free-living animals exposed to natural rather than experimental challenge, making it a useable tool for Tb control in wildlife reservoirs.
METHODS (a) Field study site and possum trapping
We studied a wild possum population inhabiting a 14 ha site in the Orongorongo Valley (lower North Island, New Zealand; 41821 0 S, 174858 0 E, elevation 100 m above sea level). The study site comprised a mixed broadleaf-conifer forest that supports about nine possums per hectare (Efford 2000) . The trapping site consisted of a grid of 200 wire mesh cage traps at 30 m spacing. The surrounding area has been monitored intermittently over the last 25 years, and Tb has been reported in possums in this region since the 1980s (Brockie et al. 1987) .
All traps were baited with apple coated with flour and aniseed and set over four consecutive nights on each trapping session, unless weather conditions dictated otherwise. During trapping sessions, all captured possums were anaesthetized with ketamine hydrochloride at 25 mg kg 21 body weight. Once sedated, possums were individually marked with either a metal ear tag and tattoo or two metal ear tags, had their Tb status ascertained by external examination and palpation of the major superficial lymph nodes, and were sexed, examined for tooth wear (an index of age; Winter 1980) and released. Captured possums were also initially assessed for prior exposure to M. bovis by blood testing; approximately 2 ml of blood was drawn from the tail or jugular vein of each animal, and a lymphocyte proliferation (LP) assay was conducted following the procedures described by Skinner et al. (2005) . Previous work has shown palpation and LP assays to be robust approaches to disease assessment for Tb in wild possums (Corner et al. 2002a Lisle & Havill (1985) . Tb strain typing was conducted on selected positive cultures using restriction endonuclease analysis (REA; Collins et al. 1993) .
(b) Vaccine formulation and delivery BCG bacilli (strain Danish 1331) were grown to mid-log phase in Tween/albumin-supplemented Middlebrook 7H9 broth, and subsequently harvested, sedimented and formulated into the edible vaccine matrix Lipid-C as described elsewhere . For field vaccination, lipid vaccine samples containing 10 7 colony-forming units (cfu) of BCG per millilitre were maintained in 3 ml polypropylene syringes; captured and anaesthetized possums were immunized by applying 1 ml of the lipid formulation to the rear of the oral cavity and allowing the animals to ingest vaccine by reflex swallowing. Hence, each vaccine dose contained approximately 10 7 cfu of BCG. between treatment groups with respect to potential exposure to natural infection. Animals with suspected Tb infection, based on external examination and palpation, and/or positive LP assays from the initial surveys, were excluded from pairs. One animal of each pair was randomly chosen to be vaccinated, with the other sham handled as a control. The site was subsequently re-trapped every two months over the ensuing 2 year period, with clinical Tb cases being identified by palpation and bacteriological confirmation of lesion aspirates upon each capture. With the pre-clinical phase of infection resulting from experimental challenge estimated to last 6-16 weeks (Corner et al. 2002b ) and a mean survival time of clinically tuberculous possums in the wild of 4.7 months (Ramsey & Cowan 2003) , bimonthly monitoring was deemed sufficient for all cases of Tb infection to be documented. At two months following initial vaccination, 2 ml blood samples were drawn from each vaccinated or control animal recaptured, and the induction of a Mycobacterium-specific immune response owing to the vaccine was assessed by the LP assay. Vaccine was re-applied to recaptured vaccinegroup possums at six-month intervals, since captive trials have indicated that protection against artificial Tb challenge decreases after six months post-vaccination . Although this is probably not the case for induced protection against natural infection in free-ranging animals (since artificial infection of possums with Tb can produce an unnaturally harsh disease challenge; Buddle et al. 1994; Ramsey et al. 2009 ), the re-vaccination protocol was carried out here to provide a 'best' test of the vaccine. New control and vaccinated animals were introduced to the study during May and November 2005 to maintain sample sizes ( §3).
The study site was depopulated at the completion of the trial, in November 2006, through a prolonged trapping session (five nights), with two additional lines of leg-hold traps placed at 30 m intervals around the periphery of the trapping site and a further 20 leg-hold traps dispersed through the grid to catch any cage-shy animals. All recaptured possums were killed by a blow to the head and subjected to post-mortem examination to identify any visible tuberculous lesions. Reticuloendothelial tissues (spleen and liver) and lungs were closely examined, and several lymph node sites were located and excised (including retropharyngeal, axillary, inguinal, bronchial, hepatic and mesenteric nodes). Any suspect lesions were described and a sample taken for bacteriological culture confirmation of M. bovis infection (de Lisle & Havill 1985) . Pooled lymph node samples were collected from all individuals for the identification of subclinical infection by bacteriological culture, with REA strain typing of selected positive samples (Collins et al. 1993 ).
(d) Statistical analyses
In the LP assays to investigate M. bovis reactivity and the immunological response to vaccination, data were expressed as a stimulation index (SI); that is, the proliferation of bovinepurified protein derivative stimulated blood lymphocytes divided by that of non-stimulated lymphocytes, as described in detail elsewhere (Skinner et al. 2005; Buddle et al. 2006) . Log-transformed LP responses were compared between vaccinated and control possums using a one-sided t-test; the frequency of positive responses to the vaccine (SI . 4.5; Buddle et al. 2006 ) was compared by Fisher's exact test.
The capture histories of experimental group animals were analysed using multi-state mark-recapture analysis (Brownie et al. 1993) , using the program MARK (White & Burnham 1999) to estimate survival and recapture probabilities, transition probabilities from 'susceptible' to 'Tb-infected' states, and the effects of sex and vaccine treatment on those probabilities (appendix A1, electronic supplementary material). Vaccine efficacy, as defined in appendix A1, was calculated from the Tb transition probabilities. (c) Tuberculosis incidence The five possums diagnosed with clinical Tb in the July -September surveys prior to initial vaccination in November 2004 had swollen lymph nodes or discharging sinuses from these nodes and were all culture-positive for M. bovis. Three separate M. bovis isolates from these possums were strain typed, and all had the same REA strain type 21. This strain type is one of the most widespread in New Zealand and the same type identified in three earlier isolates from the same area (Collins et al. 1993) .
RESULTS (a) Oral vaccination
Across all monitoring trips during the trial (excluding the final depopulation trap-out in November 2006), eight incident cases of culture-confirmed Tb infection were observed in experimental animals, all in the control group (figure 1; appendix B(A), electronic supplementary material). All infected animals had been designated controls at the site for at least six months prior to external lesions first being observed, indicating a high likelihood that all infections occurred after the animals were included in the trial. Hence, during the monitoring phase of the vaccine trial, significantly fewer vaccinated animals became naturally infected with Tb than control individuals exposed to the same force of infection (0 of 51 vaccinated animals infected versus 8 of 71 control animals; x 2 ¼ 6.14, df ¼ 1, p , 0.05). Five further Tb cases were detected during the necropsies of experimental group possums at the end of the trial: four that had been designated as controls for at least 12 months and one that was vaccinated (figure 1; appendix B(B), electronic supplementary material). Combining the results from the trap-out with those from the monitoring trips, a highly significant protective effect of the vaccine was apparent-12 incident cases of infection in 71 control animals versus 1 in 51 vaccinated animals exposed to the same force of infection (x 2 ¼ 6.94, df ¼ 1, p , 0.01).
In the non-experimental group animals (i.e. those not designated as either controls or vaccinates) captured during the course of the trial, culture-confirmed Tb infection was only observed in three instances: 1 of 5 animals in November 2004, 1 of 18 animals in January 2006 and 1 of 25 animals in July 2006. In addition, one of the 65 non-experimental group possums necropsied at the end of the trial (larger sample owing to greater trapping effort and area during the site depopulation) also had culture-confirmed Tb infection.
(d) Multi-state capture-mark-recapture analysis Model selection procedures undertaken initially for the recapture and survival probabilities established that the simplest, best-fitting models for these parameters had recapture probability varying only among treatments (vaccine and control) and the survival probability varying only among states (susceptible and infected; appendix C, electronic supplementary material). Recapture probability was lower for control versus vaccinated possums, and survival probability was much lower for Tb-infected versus susceptible possums (table 1) .
Using the best-fitting models for the recapture and survival probabilities, model selection for the transition probability (from susceptible to infected) indicated that models that included treatment were supported over models that did not (table 2) . Among the best-supported models, transition probability varied with treatment both additively and interactively with sex (table 2) . While the additive model had the most support, we calculated modelaveraged estimates of transition probabilities to account for the uncertainty in model selection (Burnham & Anderson 2002) . These indicated that the probability of becoming infected with Tb was almost three times higher for male versus female controls and at least an order of magnitude lower for vaccinated versus control possums (figure 2). Using these transition probabilities (i.e. controlling for differences in recapture and survival probabilities), vaccine efficacy (and 95% credible interval) was estimated as 0.96 (0.87 -1.00) for females and 0.95 (0.82 -0.99) for males.
(e) Tuberculosis pathology While all four of the infected control animals necropsied at the end of the trial had lesions in the lungs and/or lymph nodes typical of those seen in Tb-infected possums, the sole vaccinated animal infected had only small lesions in the liver (identified as the same M. bovis REA strain type as found on the study site immediately prior to vaccination); none of the infected control animals had similar liver lesions (appendix B, electronic supplementary material). In addition, the pooled lymph Lesellier et al. 2006) . However, while each of the bacterial disease studies employed a live agent as the test vaccine (either an attenuated bacterium or a recombinant, peptideexpressing poxvirus), none has described field protection against natural infection of the target species using an oral-delivery system (generally a necessary facet of a wildlife vaccine intended for wide-scale application; World Health Organization 2004; Vial et al. 2006; Cross et al. in press) . In the present study, we delivered live BCG formulated into a protective lipid matrix orally to possums; the study design necessitated that vaccine was fed manually to restrained possums, although captive possums have been shown to readily and voluntarily consume the lipid-based vaccine if it is appropriately flavoured (Cross et al. 2009 ). In voluntary-uptake vaccination studies in captive possums, this vaccine has been shown to confer protection against artificial M. bovis infection, as demonstrated by lower lung and spleen pathogen burdens, reduced pulmonary tract pathology and a reduced occurrence of extra-pulmonary lesions (Aldwell et al. 2003a; Buddle et al. 2006; Collins et al. 2007) . We are therefore confident that possums can be successfully orally vaccinated without having to capture them. Work is now under way to develop a vaccine package that can be aerially sown and to test the efficacy of aerially delivered vaccination versus poisoning in reducing the force of Tb infection from possum populations.
The experimental design employed here was successful in testing oral BCG vaccine efficacy against natural Tb infection in wild free-ranging possums. The recapture probability of animals varied between treatments during the trial, being lower in the control group, potentially because of both disease-induced morbidity in infected animals (survival of infected possums was one-third that of uninfected possums) and more transient individuals being introduced to this group than the vaccinated group later in the study. With culture-confirmed Tb infection only observed sporadically in non-experimental group animals, the inclusion of more animals as new controls ensured that sufficient animals were maintained in the experimental groups through the course of the study to allow a statistically valid test of the vaccine ( figure 1) . Interestingly, the transition probability from susceptible to infected was almost three times greater for males than for females (figure 2). This is in line with sex differences in Tb prevalence documented in previous studies that appear to be caused by behavioural Table 2 . Model selection results for the Tb transition probability (c). For each set of models, the covariate structure taken by the other parameters in the model (recapture probability, p; survival probability, f) is indicated in other parameters. Oral vaccination against tuberculosis D. M. Tompkins et al. 2991 factors (Coleman & Caley 2000) : males forage more widely and juvenile males are more likely to disperse than juvenile females. Both activities presumably expose males to a greater risk of infection when fighting and maintaining larger activity areas ( Jackson et al. 1995) . Males may also have greater susceptibility to Tb infection than females . Vaccine protection was expressed here as an order of magnitude reduction in the probability of wild possums becoming infected (figure 2), controlling for differences in recapture and survival probabilities, with an associated vaccine efficacy of 95 -96 per cent against a natural force of Tb infection. Vaccine efficacy was similar in both sexes, even though the transition probability from susceptible to Tb infected was, as discussed earlier, greater for males than females. In addition, although not much weight can be placed on the observation that infection was less severe (in terms of number and size of lesions) in the single infected vaccinated animal compared with the infected controls (appendix B, electronic supplementary material), this is consistent with previous work showing that in cases where oral vaccination does not prevent Tb infection, it does slow and possibly prevent disease progression (Aldwell et al. 2003a; Buddle et al. 2006; Ramsey et al. 2009 ). This high level of vaccine efficacy compares very favourably with other wildlife vaccines. For example, recent trials of the protection conferred by an orally delivered recombinant poxvirus against artificial plague challenge in prairie dogs have demonstrated an efficacy of only 40-50 per cent (Mencher et al. 2004; Rocke et al. 2008) , while commercial oral rabies vaccine baits have 70-100 per cent efficacy across different species (Cliquet et al. 2008) . Furthermore, BCG vaccination of wild possums by intranasal and intraconjunctival routes only achieved 69 per cent efficacy of protection against natural Tb infection (Corner et al. 2002a ). Unlike the current trial, the vaccinated animals in that trial that did contract Tb also displayed disease progression rates similar to controls (Corner et al. 2002a) .
Protection against Tb was observed here even though the vaccinated possums had not mounted a statistically significant increase in the cellular immune response to BCG compared with the controls. This is in contrast with the previous trials with captive possums, where significant systemic cell-mediated immune responses to similar BCG dosages have been observed at 6þ weeks post-vaccination (Aldwell et al. 2003a) , in addition to a strong relationship between the proportion of animals producing positive LP responses to M. bovis antigens and protection against artificial challenge with M. bovis . The comparison of LP responses of vaccinated possums and controls here was probably confounded by actual Tb infection, since two of the control animals were positive responders to the assay (SI . 4.5). Unfortunately, these two animals were not observed again after the extreme rainfall event of March 2005, so infection could not be confirmed.
Another possible explanation for the differences in the LP responses for possums in the field versus those in captivity is that stress levels may be more variable in the wild situation; stress may be more controlled in captive possums where their body weight increases when food is supplied ad libitum. In addition, blood samples were only collected at two months post-vaccination in the current study, which may not have been the optimal time point for measuring increases in cellular responses. While reductions in LP responses by possums to oral BCG vaccination over time have been linked to waning protection against artificial challenge with M. bovis in captivity , the high level of vaccine efficacy observed here without similarly high LP responsiveness indicates that the dynamics of conferred protection may be different against natural infection in the wild. The implications of this for the duration of protection conferred are the focus of an ongoing trial. In addition, although the vaccine was re-applied to recaptured vaccine group possums at six-month intervals in this study, the effectiveness of re-vaccinating possums with an oral bait BCG vaccine is not known. This is an important question that also needs to be addressed in future studies. However, captive work has shown that feeding multiple doses of BCG vaccine to possums and feeding dead BCG to possums three months prior to feeding live BCG do not interfere with the acquisition of protection against Tb .
CONCLUSION
Mathematical modelling indicates that vaccination operations to eradicate Tb would need to maintain 40-52 per cent of a possum population in an immune state (Barlow 1991; Roberts 1996) . Since techniques for the delivery of bait to possums are well advanced, with both aerial and bait-station dissemination able to reach over 90 per cent of the individuals in a population (Morgan & Hickling 2000; Tompkins & Ramsey 2007) , the 95-96 per cent efficacy of orally delivered BCG vaccine demonstrated here should be more than sufficient for the purpose of Tb eradication from wild possum populations. This gives confidence that oral vaccination is a tenable solution for the control of Tb in wildlife.
In New Zealand, intensive culling of invasive possums is a justifiable and well-established Tb-control strategy, because possums not only carry Tb but are also major conservation pests (Montague 2000; Cowan 2005) . The utility of vaccination will therefore depend largely on whether it can be implemented as cheaply as trapping, shooting or poisoning; its main use is likely to be in places where those culling methods are socially unacceptable or if it can be used in conjunction with culling to reduce the frequency of culling required.
Where wildlife hosts are valued species rather than pests, such as the Eurasian badger in the UK and Ireland, and the white-tailed deer in the USA, intensive culling is often not a politically desirable option, making vaccination a much more attractive alternative. However, demonstrations that oral vaccination is similarly efficacious against natural infection in free-living populations and that effective delivery at the required management scale can successfully be achieved are both still required for other host species. 
